It has been known for a long time now that patients commonly gain sodium and chloride after injuries and surgery. It is also well known that despite this fact, the level of sodium in extracellular fluid very often falls, and is ascribed to a relatively greater gain of water than of salt, with resulting dilution of body fluids. However, the not uncommon associated rise in potassium and bicarbonate levels is difficult to reconcile with simple dilution. We know too that patients lose potassium after trauma and that more is lost than might be expected to be brought about by the 'catabolism' of tissue which trauma provokes.
Why these changes arise is much less certain than that they do. The gains of sodium and chloride, and also the losses of potassium, are usually held to be brought about by altered kidney activity in turn caused by increased production of aldosterone. Imbalance between protein anabolism and catabolism is said to be produced by increased secretion of glucocorticoids. But surgery in patients previously adrenalectomized provokes the same gains of Na and Cl and losses of K and nitrogen even though the patients receive the same maintenance dose of steroid after surgery as before.
There is uncertainty too about the extent and nature of any change in the volume of extracellular fluid during and after trauma. From dilution studies, variously carried out, some have concluded that the volume of extracellular fluid expands, others that it shrinks, others that it remains unchanged.
I think that present uncertainties on all scores arise from inadequacies in our knowledge of cellular happenings provoked by trauma-of their nature and of their consequences. Measurements show that cardiac output falls during surgery (McNeill and Mackenzie, unpublished observations), even when every attempt is made fully to replace blood as it is lost, and when indices such as central venous pressure, systemic blood pressure, pulse rate, and measurement of blood loss on swabs suggest that this has been achieved. Moreover, even uncomplicated surgery is accompanied by hypoxia (Nunn, 1965; Nunn and Freeman, 1964) . This, together with impaired or altered tissue perfusion from blood loss, etc, is likely to provoke widespread cell changes which, with directly incurred local tissue cell damage, may be largely responsible for the accumulation of Na, Cl, and water, for loss of potassium, for hyponatraemia, and for other changes in the composition of extracellular fluid, and possibly also for the imbalance between tissue protein anabolism and catabolism. Postoperative complications, such as further blood loss, inflammatory accumulation of protein and fluid in the peritoneum or elsewhere, infection and sepsis, will directly or indirectly accentuate the cellular changes and so the changes in body water and electrolytes.
Regulation of Body Water and Electrolytes in Health
Most of our body water is inside cells. Some is outside (Fig. 1,1 ). Virtually all is osmotically available (Bernal, 1965; Olmstead, 1966; Netter, 1969) , dissolving solutes, so that it is present throughout effectively as a dilute solution which is stirred (Fig. 1,2 ) by the circulation (Table I) and by diffusion across capillary walls, through interstitial fluid, across outer cell membranes, and within cells. Over the very short distances involved (cell diameter 20-50 ,u; cell to capillary, approximately 25.4 ,t) diffusion will ensure virtually instantaneous mixing (Robinson, 1960;  Landis and Pappenheimer, 1963; Langer, 1968) .1 Fluid inside cells has the same osmolality as that outside. Osmotic transients which arise during the course of metabolic activity are cancelled by appropriate shifts of water which diffuses into and out of cells vastly more quickly than solutes (Robinson, 1965) .
The principal solutes in body fluids are salts of Na and K. These two cations and their anions have, however, an asymmetrical distribution between fluid inside and outside cells (Fig. 1,3 ).
All gain water and electrolytes in food and drink and all lose both in urine, faeces, and sweat. Water is of course also produced within cells as a result of cellular respiration and lost through the lungs and in insensible perspiration. Nevertheless, so long as adults are healthy the amounts of both water and electrolytes in the body are 'It can be calculated (after Jacobs, 1935 ) that for a solute diffusing into a pure solvent from the plane boundary of a solution maintained at a fixed composition, the concentration 25-4 ji from the boundary should reach 99 % of its steady state value in 0-294 seconds. In this time, and under resting conditions, plasma flow through 100 g of skeletal muscle would be approximately 1-5 x 10-' ml.
Landisand Pappenheimer(1963) And this involves attaining a balance between (1) the rate at which Na leaks into cells from the extracellular fluid and the rate at which it is actively transported, or pumped out again (Post and Jolly, 1957; Robinson, 1960 Robinson, , 1965 Tosteson and Hoffman, 1960; Tosteson, 1964; Stein, 1967) and (2) the metabolic production and 'disposal' of non-diffusible organic solutes. The way in which both balances are achieved has been little studied. Possibly in man the latter balance derives largely as a byproduct of regulation of cell metabolism. But it is known that change in osmolality of extracellular fluid in certain euryhaline inhabitants of estuaries (caused by the changing tides) provokes specific changes in metabolism which drastically alter the amounts of organic solutes in cells, so that the osmolality of cell fluids also changes and in a parallel direction (Brown and Stein, 1960; Lockwood, 1963; Potts and Parry, 1964; Schoffeniels, 1967) . This minimizes the shifts of water between extraand intracellular fluid caused by the change in osmolality of extracellular fluid, and Wolf and his colleagues (McDowell, Wolf, and Steer, 1955) have suggested that similar changes may take place in response to fluctuation in osmotic pressure of extracellular fluid in the cells of terrestrial animals.
The way in which the Na pumps are regulated is poorly understood (Mullins and Frumento, 1963; Woodbury, 1963 Woodbury, , 1965 Mullins and Awad, 1965; Langer, 1968) . They are, however, collectively responsible for the asymmetrical distribution of Na and K throughout the body.' They are also partly responsible for regulating the overall daily balance of K, for the amount of K in each cell, and so in the body as a whole, is determined by the quantity of non-diffusible anions (zA-) it contains (Fig. 1,5 ). Conway (1957) considers that the anions which require K as counterions, are largely metabolites such as ATP, creatine phosphate, hexose, and triose 'Why cells possess Na pumps rather than K pumps is of course an intriguing point. It is perhaps relevant that, since cells are normally some 50 to 100 times more permeable to K than Na (probably because the hydrated Na ion is larger than that of K (Conway, 1957) , although see Mullins, 1959 Mullins, , 1960  Diamond and Wright, 1969) , pumping K out from cells as fast as it diffused in from the extracellular fluid would require a greater expenditure of energy than pumping out Na.
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phosphates. Ling, on the other hand, suggests (Ling and Ochsenfeld. 1966) (Andres, Cader, Goldman, and Zierler, 1957 (Flear, 1967 (Boyle and Conway, 1941; Conway, 1945 Conway, , 1957 Leaf, 1956 (Stein, 1967) .
When cells swell abruptly at the expense of extracellular fluid, that fluid shrinks. The level of Na in extracellular fluid will not change, since cells have gained virtually isosmotic NaCI, unless cell membranes are so leaky that hitherto nondiffusible molecules escape into the extracellular fluid. When this happens the level of Na throughout the extracellular fluid [Na]0, will fall and there will be hyponatraemia (Singh and Flear, 1968) . The reason for the fall is that in this situation less water will be gained by cells than in the former, and so the saline that is gained will have a higher Na level than that in the extracellular fluid. Osmolality will not fall. There has been neither loss of solute from the body, nor dilution of body fluids from gain of water. The volume of extracellular fluid still shrinks when this happens but to a lesser extent.
If at the same time that cells accumulate Na, more solutes are generated within cells which then escape through leaky membranes, cells will still swell and the extracellular fluid shrink. Hyponatraemia, too, still develops.
In all of these situations the level of K throughout the extracellular fluid is not diluted. On the contrary hyperkalaemia is extremely likely to develop. Accumulation of saline within cells increases the concentration of chloride in cell fluid. The product of the concentrations of K and chloride thereupon rises. For the establishment of a new balanced state across cell membranes, the similar product of these concentrations in extracellular fluid must rise, since in a balanced state these two products are equal, as a consequence of a double Donnan equilibrium (equation 3, Appendix). In Data from Flear and Rajasingham (1969) .
in the 'KCl product' is achieved by an increase in the concentration of K. The consequences of imbalance between leak and pump rates can be predicted from what is known of the factors governing the partition of water and ions in tissues. Knowledge of these factors has been derived largely from studies of frog skeletal muscle, squid nerves, and so on in vitro. But it has been shown to apply to tissues from other animals and to situations in situ (Kusel and Netter, 1952; Lukowsky and Netter, 1952; Mond, 1955) as well. Many of us consider that this understanding is directly relevant to human tissue also, and Fig. 2 shows what happens to pieces of human rectus abdominis when imbalance between influx and reflux of Na is provoked by putting them into human plasma at 0°C. In this situation there is also an increase in organic anions (zA-) in the tissue, so that pieces show rather more residual gain of water than they would otherwise.
The various situations considered above were selected because anoxia, in addition to impairing Na pumps, is known to provoke breakdown of [Na] [Na]i 50 m-equiv/litre. The loss of K that would result if 10% of the cell mass were involved is shown in Figure 4 . It is substantial.
Swelling to the extent shown in Fig. 3 could, if only skeletal muscle were involved, take place at the expense of its own tissue extracellular fluid but only if the cells involved were diffusely distributed throughout the whole of the skeletal muscle mass in the body (Table II) . However, even were this the case, the shift of water from interstitial fluid into cells would increase the concentration of protein in interstitial fluid, sufficiently to provoke transfer of fluid from capillaries and so to shrink the plasma volume.1 If these changes are abrupt it is unlikely that the plasma will be re-expanded at the expense of interstitial fluid in unaffected tissues since a rapid fall in plasma volume will provoke circulatory deterioration. The impact of this on the balance of forces responsible for the regulation of the exchange of fluid across the capillary in various tissues cannot be predicted.
Findings after Trauma Explained by Such Cellular Events
In my opinion cellular events such as those just described could account for all the changes in body water and electrolyte that arise after trauma. If this is so, present uncertainties concerning these changes resolve.
If gains of Na, chloride, and water and losses of K after trauma are direct consequences of imbalance in the exchange of water and solutes between cells and the fluid bathing them, the fact that such changes arise after surgery in persons previously adrenalectomized and maintained on constant dosage of cortisone and in patients receiving an aldosterone antagonist does not call for special comment. In all patients cell imbalance is the direct outcome of factors increasing the permeability of cell membranes, depressing Na pumnping, or altering the molar quantity of nondiffusible solutes constrained within cells and in the balance of anionic and cationic charges on these solutes. These events are not dependent upon increased production and release of aldosterone or cortisone, and it is unnecessary to speculate on a 'permissive' role played by these steroids in events after trauma. The increase in aldosterone seen after trauma in persons with intact adrenals is secondary to shrinkage of extracellular fluid caused by cellular swelling, inadequate replacement of blood lost, and so on. ' If skeletal muscle cells abruptly gain 3-3 kg water (Table II) It neither initiates nor is it responsible for retention of Na, chloride, and water, or for loss of K although it reinforces these events. The effects of adequate blood replacement in abolishing retention of Na, Cl, and water and in lessening losses of nitrogen etc (Flear and Clark, 1955) are attributable in part to preventing or switching off the secondary hormonal response but largely to its direct effect on tissue perfusion.
There are good reasons for believing that loss of nitrogen too is an outcome of cell swelling, rather than the result of increased release of cortisone. It is known that certain euryhaline animals excrete more nitrogen when the cells swell in response to an increase in the fresh water of their surroundings (Schoffeniels, 1967) . Loss of nitrogen from slices of tissue in vitro is also known to be closely related to uptake of fluid by their cells (Adrian, 1960; Aebi, 1952 and 1953 trauma (Flear, McNeill, Greener, and Singh, 1969a) are seen to derive partly from the fluctuations in this volume at different times after trauma, since events after trauma are dynamic, and measurements by different investigators have not all been made at the same time. In part they derive also from methodological considerations. Variable increase in membrane permeability means that markers used to measure the volume of extracellular fluid may now penetrate into cells and may also take longer to equilibrate within the body. Different investigators have not all used the same marker; nor indeed have they allowed the same period for equilibration.
Singh's investigations (1965) of patients severely ill with intestinal obstruction established (1) that on admission two to nine days after onset the thiocyanate space was commonly raised (11 of 13 patients). These patients had all been at home untreated and taking little or nothing by mouth; clinically they were dehydrated and one would therefore have expected the volume of extracellular fluid to be low. (2) After operation the thiocyanate space rose still further in 11 of 13 patients. The increase exceeded any gain of weight over the same interval. Some did not gain weight. It seems probable, as Singh suggested, that the thiocyanate space in these patients overestimates the volume of extracellular space due to its entering into cells as a result of cell membranes being abnormally permeable. Singh (1965) also found substantial increases (from 2 to 7 kg) in thiocyanate space during the first 24 hours after other major operations. These increases were some 2.5 to 4 kg in excess of the carefully measured water balances over the same 24-hour period.2 He interpreted these findings similarly. Hinton and Allison (1969) have found that intravenous infusions of insulin and glucose significantly reduce protein breakdown and potassium loss in severely burnt patients, and promote large diureses of Na and chloride. They suggest that these effects result from the action of insulin in enhancing Na extrusion from cells (Kernan, 1962) and causing them to gain K. Glucose alone is ineffective. These findings would be difficult to explain otherwise.
Direct Evidence for Cellular Events after Trauma
There is more direct evidence for the occurrence of these cellular happenings after trauma. (Flear, Pickering, ar 1969b) . Three biopsies of rectus abdc taken from each patient, one at th and two at the end of the operation. C was taken from a portion of muscle th under a retractor for much of the (traumatized muscle), and one from the same muscle that had not been handled (non-traumatized muscle). were cut from each biopsy from ea Each slice was individually analysed Cl, water, and fat. In all patients abdominis gained water, Na, and Cl during operation. Similar changes noted after injury in muscle froi (Fuhrman, 1960 )ne of these taken at the beginning of the operation. As a operation result, we were able to deduce that permeability operation of cell membranes increased during operation, an area of and that the extent of this increase was more exposed or marked in the area of muscle that had been Ten tliets damaged during the operation (Fig. 5) .
Further investigations will be necessary to for Na, K, establish for how long after operations cells the rectus continue to gain Na and lose K. We also need to and lost K have been m animals ' The derivation of some of these patterns has been presented and discussed elsewhere (Flear, 1969; Flear et al, 1969b) . ' The simple calculation of extracellular fluid used by Graham, e explained Lamb, and Linton (1967) is unreliable. It is necessary to assume a -imbalances value for the resting membrane potential; Graham suggests -85 mV. It can, for instance, be shown that the membrane s leading to potential will be very much less than 85 mV during a period of A loss of K, continuing net gain of Na provoked or accompanied by increase in cell membrane permeability. Moreover the membrane potential ,iously non-has been found at times to be very low after a period of net gain of Na by cells (in vitro) when a balanced state may be presumed ased on a to be re-established (Cross, Keynes, and Rybova, 1965 establish whether skeletal muscle in general, ie, from parts of the body remote from the area of operation, show these same changes. Swedish investigators report loss of 3 % K from adductor muscle in the thigh of dogs shocked by blood loss (Hagberg, Haljamae, and Rockert, 1968) . This compares with an average loss of 3-5 % K in our patients . The interval between taking control and postshock samples was two and a quarter hours, a time which is very similar to the average duration of our operations. They suggest that loss of K actually is more than this but that most of the lost K stays in the interstitial fluid and so is analysed (Hagberg et al, 1968) . They find that single muscle fibres contain 10 to 50% less K after shock than before bleeding, and that bundles of fibres contain from 0 to 35 % less K after shock (Hagberg, Haljamae, and Rockert, 1967) . Individual fibres and bundles alike were dissected with the biopsy immersed in Ringer saline at 20°C which had been oxygenated for 10 minutes with 95% 02, 5% CO2 (Haljamae, 1967) . The Swedish investigators consider that this greater loss of K resulted from washing away K trapped in interstitial fluid. Dr Greener and I, however, find that bundles of human skeletal muscle fibres dissected in similar Ringer solution (at 22°C) and gassed for one hour rapidly gain Na and water and lose K (Fig. 6) . Their dissections took from five to 40 minutes. Our biopsies were taken at the beginning of operations, when there could be no question of significant blood loss or shock. We believe that the greater loss of K found in bundles and fibres from biopsies taken after shock, compared with bundles taken similarly from pre-shock biopsies, reflects an increase in cell membrane permeability brought about by shock. Consequently Na enters more rapidly into post-shock fibres and loss of K will be more marked. We first defined the relationship between osmolality and the plasma level of Na when change in both is brought about by dilution (Singh and Flear, 1968) . Since levels of urea and glucose can vary substantially in patients, osmolality was corrected by subtracting the osmotic contribution made by each of these substances. Osmolality and the level of Na were measured in plasma (also urea, glucose, and water) before and after diluting it in vitro by adding varying amounts of 5 % dextrose. Similar dilution studies were made by infusing 5% dextrose intravenously and taking samples of blood from a vein some 3 to 6 inches proximal to the point of insertion of the drip needles. The [Na]W 2201"" Fig. 9 Plasma levels of Na and osmolality (see Fig. 8 ) before surgery and at intervals thereafter for three weeks. The band is derived by fitting the average slope ofdilution to the outermost values observed in a group of 50 healthy subjects (Singh and Flear, unpublished data) . rate of infusion was varied. Close agreement was noted between findings with both methods, and between the relationship found in different subjects. Figure 7 shows the relationship noted when plasma from one subject was diluted in vitro.
Observations were then made in 12 dogs before and while inducing shock by bleeding . Systolic blood pressure was dropped in all cases to 40 mm Hg or less and held at that level for one or more hours. Total amounts of blood removed ranged from 1-8 to 2.8 litres. Findings were essentially the same in all dogs: the plasma Na level fell without a comparable fall in osmolality. Figure 8 shows data from two dogs. The oblique line depicts the relationship between Na and osmolality when change in both is brought about by dilution. This r ;lationship was determined in all instances on blood taken before shock was induced. Figure 9 presents similar findings from a patient before, during, and after colectomy. We have similar findings after surgery in many other patients. Neither in experimental shock nor after surgery can the lack of a comparable fall in osmolality be explained by the rise in K level commonly seen.
These findings clearly demonstrate that hyponatraemia in shock is largely provoked by imbalance across cell membranes. This factor is of major importance also in the onset of hyponatraemia after surgery. Here, dilution also contributes to its onset and at times may be the overriding factor. This was Wynn's experience (Wynn and Robb, 1954; Wynn and Houghton, 1957) . Most of his patients had received very generous transfusions of 5 % dextrose, to the hazards of which he directed attention. Plasma K levels fell in his patients.
OTHER EVIDENCE
A final piece of evidence that trauma provokes cellular gain of Na is afforded by the observations that resting membrane potentials of skeletal muscle fibres, measured in situ, fall during the onset of shock induced in rats by bleeding (Shires and Carrico, 1966) . More recently Shires and his colleagues also found that in man too membrane potentials (measurements in situ) were low when patients were admitted in traumatic shock, and that with recovery the potentials rose (Shires, 1969) .
We have confirmed in vitro that while human skeletal muscle cells are accumulating Na, their membrane potential falls (Table III (Flear, Greener, and Ferry, 1970 (Stoner and Threlfall, 1960; Fig. 10 Pla.
Tremoliere and Derache, 1960), and these Fig. 8 (Flear, 1969: see Fig. 9 (Batey, McNeill, 1970) . These dogs were given ection some 12 to 15 hours previously. itrol period the concentration of 82Br was constant. During shock, the mean per millilitre of plasma in all but one ,s rose above control levels (Fig. 11) E. coli endotoxin has also been observed to increase the permeability of skeletal muscle to Na. Uptake of Na by frog sartorius muscle (at 0°C) is faster from plasma taken from dogs during endotoxic shock than from plasma taken before injecting endotoxin (Greener, Singh, and Flear, 1969) . When the findings were presented to the Surgical Research Society they were merely suggestive. They have since been expanded and shown to be significant. Evidence has also been obtained that E. coli endotoxin similarly increases the uptake of Na in vitro by human skeletal muscle (at 0'C) from the person's own plasma, and also that it provokes striking changes in the molar quantity of non-diffusible organic solutes constrained within cells. It is of related interest that, according to Kovach and Fonyo (1960) , Boda found that serum and cerebrospinal fluid in infants in toxicosis inhibits glucose uptake by rat diaphragm.
Finally, Graber and I (ms. only) concluded from detailed balance studies that the abrupt clinical onset of endotoxic shock in a young woman was associated with cell gain of Na and Cl and loss of K. These changes continued until the toxic period, as well as the period of circulatory instability, had been successfully negotiated.
During recovery they reversed. It was also noted that the marked swings in plasma Na could not be explained as simple consequences of gains or losses of water and cations (Table IV) 'Graber and Flear (1970) .
The possibility that other factors associated with trauma and its sequelae may provoke imbalance in exchanges across cell membranes should not be ignored. For As we have seen, the consequences of cellular events vary. Abrupt swelling of cells causes an equally rapid shrinkage of extracellular fluid, and it seems probable that these events could be the mechanism underlying the abrupt onset of shock which may develop in septic and toxic situations. Shrinkage of plasma as a result of shift of fluid into the interstitial fluid, provoked by the concentrating effect on interstitial fluid protein levels of cell swelling, is unlikely to be seriously opposed by an increase in tissue pressure. Observations on skin (Guyton and Coleman, 1967) , have shown that after an initial increase in pressure tissue becomes strikingly pliant so that marked swelling is tolerated with little or no further rise in pressure. In the case of skeletal muscle, cell swelling will produce a fall in resting membrane potential, whence loss of muscle tone, so that tissue pressure may even fall.
The use of hypertonic saline has been suggested as a means of lessening cellular swelling (Brooks, Williams, Manley, and Whiteman, 1963) ; efficacy is lessened or even cancelled by the greater influx of Na into cells caused by a raised level of Na in extracellular fluid. Probably salt-free albumin would be the most appropriate infusion fluid. It would lessen plasma volume shrinkage and not increase the influx of sodium.
It seems likely that tissue underperfusion in shock will promote a vicious spiral of cell swelling, shrinkage of plasma volume, or further underperfusion. I would suggest that the reduced blood flow to skeletal muscle seen in shock is thus of greater significance than has been thought hitherto since it may provoke such a spiral.
Accumulation of Na in heart muscle cells is of special significance. It causes a fall in resting membrane potential. A slight fall increases the excitability of fibres, and if this happens unevenly throughout the myocardium it may cause arrhythmia. Greater fall causes a fibre to become inexcitable, and, if a sufficient proportion of the hearts fibres are so affected, cardiac output must fall. I believe that these events underly complications not infrequently seen after heart surgery, particularly the complication associated with anoxic arrest of the heart. Hinton and Allison (1969) report the successful use of infusions of insulin and glucose after trauma and suggest that insulin is the active factor promoting extrusion of sodium from cells. Kernan (1962) presented evidence for such an action by insulin, and it would seem worth assessing its value after heart surgery. It has of course been used for this purpose after myocardial infarction (Sodi-Pallares, Bisteni, Medrano, Micheli, Ponce de Leon, Calva, Fishleder, Testelli, and Miller, 1966;  Sodi-Pallares, Ponce de Leon, Bisteni, and Medrano, 1969) , in refractory congestive heart failure (Brenner, 1960) , and in terminal carcinoma associated with hyponatraemia (Neufeld, 1962) .
My interpretation of events after trauma raises the question of what should be our attitude towards hyponatraemia and hyperkalaemia. If these disturbances arise as outlined serious consideration should be paid to the possibility that they are more appropriate levels than 'normal' ones would be in the prevailing circumstances. If this is so attempts should not be made to alter them directly. Elsewhere, discussing events in congestive heart failure, it was pointed out that both low Na and high K levels facilitate transport of Na from cells (Flear, 1969) .
WIDER SIGNIFICANCE OF RESEARCH INTO EVENTS AFTER TRAUMA
There is an increasing awareness of the relevance of changes in cell membranes and Na pumps, in many situations. Some hormones (Christensen, 1962) and drugs (Burgen, 1967) act at this level, and disturbances in active transport of Na from erythrocytes have been reported in uraemia (Welt, Sachs, and McManus, 1964; Welt, Smith, Dunn, Czerwinski, Proctor, Cole, Balfe, and Gitelman, 1967; Smith, Welt, and Czerwinski, 1967) , malaria (Dunn, 1968) , and thyrotoxicosis (Smith and Samuel, 1970) . Elsewhere I have discussed evidence for alterations in permeability, etc, in progressive heart failure (Flear, 1966 (Flear, , 1969 .
Insight gained into disturbances at this level after trauma will thus be of wide interest. Moreover, trauma offers the advantage of being a disturbance with a discrete and known abrupt onset in time. It has the feature too of arising in both the previously healthy and the chronically ill: in both its consequences may be reversible. It does of course pose the problem of research in the midst of intense activity directed at the survival of the patient. (1) gain of sodium by cells, (2) change in A, and (3) change in zA either singly or jointly (Flear, 1969 
